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ABSTRACT

Cassini  is a large robotic spacecraft currently under
development at the Jet Propulsion Laboratory (JPL) whose
interplanetary scientific mission is to explore Saturn, its
rings, and its moons. Cassini is scheduled to launch on a
Titan IV rocket with a Centaur upper stage booster, and
will be protected during ascent through the atmosphere by
a lightweight aluminum payload fairing (PLF). AS a
result of the extreme noise levels generated by the powerful
Titan IV at liftoff, and the acoustic transparency of the
PL.F, Cassini is predicted to experience severe acoustic
levels. Furthermore, the high acoustic levels, coupled
with the size and configuration of the spacecraft, will
induce unacceptable random vibration levels on the
structure and critical spacecraft components. Sludies
showed that the use of Tuned Vibration Absorbers (TVAS)
would bc effective in reducing vibration. A series of
reverberant acoustic tests were performed on a partial
development test model (DTM)  of Cassini to evaluate the
cffcctivencss  of TVAS in reducing the structural vibration.
The test results showed that significant vibration
attcnua(ion was achicvcd.
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fairing, damping, viscoclastic  ma(crial, tuned vibration
absorber, vibration reduction, rcvcrbcrant  acoustic test

1NTROD1JCTION

Cassini is a robotic spacecraft currently under development
a t  t he  J e t  P ropu l s ion  I.aboratory (JPL)  w h o s e
intcrp]anctary scientific mission is to explore Saturn, its
rings, and its moons in the early 21s( century. Cassini
(Figure 1), the Iargcst spacecraft ever assembled at JPL, is
schcdulcd to launch in October 1997 from Kennedy Space
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Figure 1: The Cassini Spacecraft Launch Configuration.



center (Csrpc Canaveral, l“1. ) on board a Titan ] V launch
vchiclc  with a Centaur upper sIagc boos[cr  which arc
providcci  by Marlin Marietta (l>cnvcr,CO).  l’hc spacecraft
is 7.0 m (22.8 f[) high and the diameter of [hc core
structure is 1.3 m (4,2 ft). Cassini  will bc protcclcd
during ascent through the atmosphere by a lightwcigh(
aluminum 66-foot payload fairing (PI ,F) which is provided
by McIlonncll  Iloug]as  (Iluntington  Beach, CA). The
Cassini/Centaur/Titan IV l’l.l;  launch configuration is
illustrated in l;igurc 2.

As a I,SUI[ of the cxttcmc. noise Icvcls gcncratcd by the
powcrf  u] Titan lV at lihoff’,  and t})c acoustic [ransparcncy
o f ”  lhc PI.l:, Cassini is pl-cdiclcd (0 cxpcricncc  scvcrc
acouslic levels. ‘1’hc Cassini acoustic tcsl criteria levels
were derived f’ron)  3’itar~ IV ~light data rccordcd during
Iaunchcs from (lipc  Canaveral (SCC Rcfcrcnce 1). The tcs[
Icvcls  ( 143 dfl overall for lUight Acccptancc) arc plotted in
l;i~,urc 3 and compared wi[h the flight data statistics, The
high acoustic ICVCIS, comtrincd  with the siz,c a n d
configuration of’ the spacecraft, will induce unacccp[ahlc
raadolll vibration Icvc]s on the s[ruc[urc and critical
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al(achcd  hardwalc coll~poncnts. }lffor[s  to miligatc  the
vi broaroustic  Cnvilonlncn[  by mo(iifying  the spacecraft
s[ructurc  were invcs[if:atcd. Preliminary analyses showc(i
that the uscol’1’uncd  Vibration Absorbers (TVAS)  would
bc cff’uctivc ir~ conlrulling  vibration. In this paper, the
operating principles, design, an(i installation ofthc TVAs
arcdcwribcd,  an acoustic tcsl program tocharactcri  ?c” I’VA
pcrf’ollnancc  is ou[liucci$ anti tcs[ results arc prcscntcd
which show tha[ significant vibration a[tcnuation  was
achic\cci  with ]I)inil])un)  impacl  [0 lhc spacccralt
(Icvclo])mcnt
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l:]gurc 3 : Casslr~l  I;llgh[ Acccplancc  Acous t i c  “J’cst
Crilcl ia 1. CVCIS  Cor~li)arc(i  With Adjusted }~light Data
Statistics.

l~igure 2: The Cassini/Centaur/Titan  IV Payload F’airing
Launch Configuration.
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An analytical stLIciy  of vibration Icduction ICchniques  fOr
the Cassini launch vibration cnvironmcnl was pcr[ormcd
a t  JPl..  ‘I%c objcctivc  O! this l’casibility study w a s  to
identify potential practical modifications to the spacccraf~
structure to attenuate the acoustically cxcitcci vibration.
Since the structural design of Cassini  was fairly mature at
the initiation of the stucly, efforts were focused on “add-on”
modifications rather than a major rc[icsign. It was
established that the (icsircci rcciuction  should bc achicvcct
around 200-250 H~ since that is ti~c frequency range in
which the acoustic spectrum peaks, and where ring mocics
of the Cassini core structure occur, as wc]i as modes of
some of the attached hardware components. Preliminary
studies indicated that a s[ructurai  ciamping  trcatmcnl using
viscoclastic  materials  (VIIMS) rcprcsentcci  a viable
tcchniquc of reducing vibration witil minimum impact to
weight, cost, and redesign. Aci(iitionai  n~ociifications were
consicicrcd,  but w e r e  climinalcd d u c  t o  tcchnicai
imitations.

Initiaily, corrstrainc(i-iaycr damping, (C1 .l~) of the spacecraft
skin structures appeared to bc an attractive solu[ion.
Iiowcvcr,  closer examination of Cl-l> showed that sLlch a
treatment woLI]d  oni y bc cffcc[ivc  WC] i above tile ft’cqucncy
range of inlcrcs( where panci mmics occur on the slruclurc
(>500 H?). J]’], consul[c~i with cnginccrs  at l<oush
Amrtrol,  inc. (Cincinnati, OH), who suggested li~at ti]c usc
of Tuned Vibration Absorbers (l’VAs) would be cffcctivc
in suppressing the ring mo(ic vibration of tile primary
struclurc, and, subsequently, sensitive attacilcd hardware.
‘1’VAS arc sin.g]c dcgrcc-of-frcc(iom clamped mechanical
oscillates which act as dynamic ahsorbcrs.

I<oush Anatrol,  ]nc. was hire.d [o examine methods of
damping the spacecraft vibration using viscociastic
materials (VliM). A detailed i’initc clcmcnt mo[icl (14iM)
of the iowcr sections of the (k+sini primary struc[urc  was
cicvclopcd  at J}>l. for an acoustic  sensitivity analysis.
Acoustic forcing functions for lilt  l;IiM were derived from
a boundary ctcmcn[ mocicl (131 ih4) of the imrti ai structure in
the Jl>l ,“acoustic  test chamber. l{ousil  Anatr’oi  cnginccrs
cxcrcisccl  the model with several cliffcrcnt  T V A
configurations by varying iocations,  n]asscs,  (iamping,
tuning, and number of TVAS. Their prclin~inary  sc.nsitivi[y
anaiyscs  examining TVAS in(iicatc(i (hat significant
rcciuction was achicvahlc  by distributing several “fWAs
aroua(i ti]c ring frames of the struclurc, Subsequently,
l{oush Anatrol was askcci to dcsig,n the ‘1’VAS and select
the rrppropriatc  VI;MS with consi(icra[ion of outgassing  and
thcrmai rcquircmcnts.

‘j’[JN]]l)  V]]{  I{A’1’ION  A1lSORB1tJ-tS

I’VAS  arc compact single dcgrcc-oi’-frccdom mechanical
osciiiators,  in which a V1iM serves as the spring and
ciamplIIg  clcrncnt.  T\)As  work best at controiiiag  singlc-
modc structural vi bm[ion, imwcvcr,  it htis been shown tha[
:i prol)cr]y turicd  ‘1’\7A  with the appropriate Vlih4 can
provide broadband a[tcauation.  A TVA attached to a
slructurc,  ancl tancci to lhcs:irnc frequency of oscillation as
the structural mode 01” concern, will spiit the moctc into
two wilh an antircsorrancc in bctwccn (like a two dcgrcc-of-
frccdoln  systcm)  as shown in l;igurc 4. In addition, a high
lcvci of damping in ti~c V1;M can lower the resonance
peaks, anti raise the atltircsonancc vailcy, (as shown by the
ciashcd curve in ];igurc. 4) to provi(ic an ovcrail reduction in
vibra(ion aroun(i  the two n~odcs. Since the rcsonancc of
the T\ ’As must bc slrongiy  cxcitcd by motion of the base
struc[urc for ttlc grca~cst  effect, it is best to locate the
TVAS away from rrodcs on the structure. A dctailcci
trc[itisc on discrctc damping dcviccs, includin~ TVAS, is
provi(ic(i  in Rcfcrcncc ?.
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I;igulc  4: Opcratirlg  l)rinci[~]c  of Turrcd V ib ra t i on
AhsoI hers Api~licd  to Single Mo(ic  of Ring Structure.

A schematic of a ‘1’\/A simiiar to [hose used on Cassini  is
g,ivcll  in lJigulc 5. (“icncrally,  (hc design of 1’VAS  varies,
and dcpcn (is grea[iy on ti~c application. The uni[ consist
b;isic’illy  oi’ :i rigid II~;iss bolted onto the structure through
(ilc \’llM  pad. lr~ ttlc case of Cassini,  1.36 kg (3.0 lb)
Tun:stcn  m:isscs were uscci, :in(i the VI~M sclcctcd by
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Roush Anatrol was Furon  C1;-5530C.  Tbc tungsten was
alioycd  with copper and nickel so that it was non-
magnetic ,  and [hc Furon VF;M was choscJ)  bccausc it
possessed a high damping loss factor with low sensitivity
to tcmpcraturc,  and negligible outgassing characteristics.
The TVAS for Cassini  were designed to rcducc the
acoustically exci[cd  radial vibration of the ring frames by
exciting the shear mode of t}lc TVAS.
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~igurc 5: Tuned Vibration Absorber Configuration
l)csignccl to Opcralc in Shear Mode.

The TVAS arc tuned simply by a(ljusting [}lc torque on the
nut which changes the spring rate of the VliM. Small
accclcromctcrs  arc located on the TVA mass and base
slruclurc  whose sign:ils arc input [0 a dual channel
spcctrurn  analy?,cr. The tuning frcclucncy  is dctcrmincd  by
exciting the systcrn  while observing the transmissibility
(mass response/hasc response) of the TVA on the analyz.cr.

Roush Anatrol  analytically showed that 3-10 dll rcductiorl
in vibration around 200 Hz. was achievable by distributing
a total of sixteen (16) TVAS on the rn;ljor  ring frames of
the Cassini  s~ructurc. in response to the cncouragir~g
preliminary results, rrcoustic testing of a partial Cassini
structure was included in IIIC clcvcloprncnt test schcdulc to
evaluate the cflcctivcncss  of the vibration rcductioa

prototype hardware which would bc fabricated and dclivcrcd
and tuned by Roush Ana[rot.

ACOUSI’IC  ‘J’NST P R O G R A M

Available Cassini hardware was assembled for acoustic
testing to assess the vibroacoustic  environment and the
‘f ’VA I)crformancc.  ‘1’hc [CS[ objcc[, called the Partial
I)cvclollrncnt  Test h40dcl (l YI’M), included both flight and
mock-up slruclurc. An outline of the test objectives and
description of the tcs[ configuration is provided.

Test Objectives
7hc LC<[  objcc[ivcs  wcle clcfincd for Cassini dynamics
cnviror)mcnts  evaluation, and were listed as follows: (1)
cvalualt  the cflcc[ivcncss of the promtypc  TVAS provided
by Roush Anatrol,  (2) evaluate lhc launch ranciorn
vibration environments for at[achcd  spacecraft assemblies
such a< for (}IC Reaction Whcc]  Assemblies (RWAS),  the
R:dioimtopc  I’hcrmoclcc[ric Gcncra[ors  (RTGs), and the
Main linginc  Assembly (Mi;A),  (3) directly measure
intcrfacc forces for thr RTGs and MEA, and (4) obtain
vibration mcasurcrncnts  for correlation wi[h analytical
mo(icls. With (hc {CS[ ob.jcctivcs in mind, the test article
was appropriatc]y  instrurncn[cd with acccleromctcrs on the
primary structure and a((achcd  hardware, force transducers at
the RIG and MliA aturchn~cnt points, and microphones.

Test Configuration
A schematic of lhc (’assini Partial-l>TM test article is
g,ivcn in Iiigurc 6. ‘1’hc following harxiwarc  items were
avail al)]c for the acoustic  tests: the flight 1.aunch  Vehicle
Adapter (I VA),  the 1 )~’h’l  I.incar  Separation Asscrnbly
(ISA],  the tlig,b( 1.owcr }k]uipmcnt Module (1.l~M) wi[h
RTG :ind RWA support structures, (hrcc (3) RTG models
(two rllass models, one dynamic simulator), lhrcc (3) RWA
mass ]nock-ups,  the Propulsion Modu]c  Subsystcm (l’MS)
struc[[lrc cahlc mock-up, [hc MIIA  mock-up providccl  by
h4artin Maric[ta (1 krlver, CO), and [hc TVA hardware
provided by Roush Ana[rol.

‘Ihc ‘1 VAS were ins[altcd on the 1.I;M and 1.VA forward
rings as shown in l;igurc  7. Special brackets were
fabricated and las~cnccd [o the 1.l{M forward ring so that the
TVA< could bc mouritcd  in the correct orientation to reduce
radial ring motion. ‘1’hc ‘I”VAS  were iocatcd around the
circurnfcrcncc of the rin:,s as shown in I;i.gurc 8. These
locations were sclcctcd primarily bccausc they did no(
irltcrlcrc  wilt] space cons[rain~s,  rinc] provided a sorncwhat
uniform distributi(~rl  around the rings. A total of 16 TVAS
were installed, All ‘1’VAS  were tuned to around 200117. by

Roush Anatro]  cny,irlcers.
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I:igurc 7 :  Cross %ction  o f  lhc Cassini Parlial-L)l’j
Showing Spacccrafi-Axial  1 ma(ions  of ‘J’VAS.

— ——. —.-.
I’igurc  8: Cross Scrtion oi” Cassini LEM (looking aft)
Showing Circun~fc  Jcn[ial  1,ocations of TVAS.

7’o prc)pcr!y assess (I]c pcrlmvuancc  of the TVAS, acoustic
[M(S \4 crc pcrl{)rn]cd  on various configurations 01 lhc tcsl
ar[icle with and wi[hou[  [hc I’VAS, however only LIw final
Conliguralion  is adCi  I-CSSCd i n  t h i s  p a p e r . T e s t s  Wcr’e

pcr’frm ncd at the [ksini Flight Acceptance (FA) acoustic
lcvc]s shown in l;i~u[c 3 (143 dll OA) for a cluration  of
onc nlinulc. A l l  daIa w a s  rcciuccd  [o rrarrowband
(5 llz. IIW)  power spcc~ral density (PSI>)  lCVCIS.

‘llCS’1’ RJISUI.’J’S

1 n ac{di [ion [o the accclcra[ion nwasurcmcnw taken on the
s[ruclulc. several of’ [Ilc I’VAS were instrumented with
accclctomctcrs  on the Inass and base structure to verify
lhcir  tuning  durin}> t h e  Icsts. A typical TVA
transn]issibi]ity  is plotted in l~igurc 9 which shows
cxpcctcd TVA ]mrfornliinrc.  I’hc rcsonancc peak at 200 EIr
s h o w s  t h a t  [hc ‘1’\~A w a s  t u n e d  propcr]y. Ttlc

amplification is I-ougbly ani(y hclow the TVA rcsonancc
where the mass moves in phase with the structure. Around
[lx TVA rcsonancc  ( 100-300  HZ), the amplified motion of
the n)a~s (Q=4 in [his case) cancels the vibration at the
attach lllcnt point (SCC f~i~~,urc 4). At higher frcqucncics,  Ihc
1’VA nl:iss dcccruplcs flo]n the structure as indica[ed by the
roll-off in the transmissibility,
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Figutc 9: Typical TVA l’ra[~slllissit~ ility Measured IXrring
Par[ial-I>TM Acoustic Test,

Plots of the acceleration response at the hasc of the RTG
clynamic  simulator (a( +Y suplmrl  location), as an
example, with and without the ‘1’VAS  arc given in l(igurcs
10-12. Tbc data from the two tcs[ runs were normalized to
the sarnc measured acouslic ICVCI. Tbc rcduc[ions  seen at
the RTGs were consistent on the ring frames, RWAS, and

MEA. The tests showed that about 3-6 d]] reduction
(varying with frequency) in spacecraft vibration around 200
Hz, coLIld  bc achicvcd for about 21.8 kg (48 lb) of’ TVA
mass. In addition to the vi bratio[i rcctuclion around the
TVA resonance, attenuation is also ohscrvcd at higher
frcqucncics.  l’his r e d u c t i o n  m a y  bc dLIC  lo additional

damping provided by the  VEM. Al[hougb IhC mass
penalty is undesirable, it has been dccmcd acceptable.

CONCLLJSIONS

lhc analyses and tcs~s pcrforlnccl as par[ of the Cassini
vibration damping invcsti~ation  indicated that the
acoustically induced structural vibration may bc damped
using l“VAS. in actclition, i[ was shown (ha[ attenuating
[hc vibration of the primary structure helps to protcc[ the
attached hardware. Although it is us LIully desirable (o
consider damping carty  in the design, the add-on
modification, which includcci flight-qualified ma[crials, was
cffcctivc  with an acceptable mass impact. Additional
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}Jigarc 10: Radial Vibt ation Response of Structure at Base
of the RTG l)ynamic Simulator With and Without TVAS.
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I~igurc 11: Vcr~ical Vibration Response ot” Structure at
Base of the 1{ ’1’(; IJyllanlic Simulator With and Without
‘I’VAs.
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Figure 12: Tangcrr[ial Vibration Rcsponso  01 Structure at
Base of the RTG Ilynamic  Simulalor  With and Wi[houl
TVAS.

studies arc in prcrgrcss,  in cocrpcration  with NASA, Martin
Marietta, and MclXmncll  l>ouglas, to assess the fcasibili[y
of mitigating the launch acoustic environment [hrwugh
modification of the PI.];. The modifications involve
upgrades to the acoustic blanketing on the l>l.l; interior
surfaces. Uitimatcly, tllccolllbirl:ttiorl c) fttlcsl>acccr:tfl:llld
launch vchiclc  improvements arc cxpcc[cd  to provide a
reasonably benign vibroacoustic cr~viror~rl~cnt  for Cassini
at launch.
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